We study the heavy quark spin (HQS) multiplet structure of P-wave QQqqq-type pentaquarks treated as molecules of a heavy meson and a heavy baryon. We define the light-cloud spin (LCS) basis decomposing the meson-baryon spin wavefunction into the LCS and HQS parts. Introducing the LCS basis, we find HQS multiplets classified by the LCS; five HQS singlets, two HQS doublets, and three HQS triplets. We construct the one-pion exchange potential respecting the heavy quark spin and chiral symmetries to demonstrate which HQS multiplets are realized as a bound state. By solving the coupled channel Schrödinger equations, we study the heavy meson-baryon systems with I = 1/2 and J P = (1/2 + , 3/2 + , 5/2 + , 7/2 + ). The bound states which have same LCS structure are degenerate at the heavy quark limit, and the degeneracy is resolved for finite mass. This HQS multiplet structure will be measured in the future experiments.
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I. INTRODUCTION
In 2015, the Large Hadron Collider beauty experiment (LHCb) collaboration observed two hidden charm pentaquarks, P Their spin and parity are not determined. The one state has J = 3/2 and the other has J = 5/2 and their parity is opposite.
The P c pentaquarks have a charm quark and an anticharm quark. They are called the hidden-charm pentaquarks. There were some theoretical works of hiddencharm pentaquarks before the LHCb announcement [4] [5] [6] [7] . After the LHCb observation, many theoretical studies in various ways have been conducted: hadronic molecular picture [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] , quark model estimation [24] [25] [26] , diquark picture [27] [28] [29] [30] [31] , quark-cluster model [32] , baryocharmonium model [33] , hadroquarkonia model [34] , soliton model [35] , holographic QCD [36] , and hadronic molecule coupled with five-quark state [37] . Some review papers are also published [38] [39] [40] .
The hadronic molecular picture is one of the highly possible model around the hadron threshold. The threshold ofDΣ * c is 4385.3 MeV andD * Σ c is 4462.2 MeV. These values are slightly above the mass of P c (4380) and P c (4450), respectively. Therefore, the P c pentaquarks can be considered as the loosely bound states of a charmed meson and a charmed baryon.
In the heavy quark effective theory, the spin dependent interaction of heavy quark is suppressed by the inverse of the heavy quark mass, 1/m Q . At the heavy quark limit, therefore, the dynamics is independent of the trans-formation of the heavy quark spin. This is called the heavy quark spin symmetry (HQSS). The suppression of the spin dependent force causes the decomposition of the heavy quark spin and the light-cloud spin at the heavy quark limit [41] [42] [43] [44] [45] :
The total angular momentum J is a conserved quantity, and the heavy quark spin s heavy is conserved at heavy quark limit. Then, the light-cloud spin s light is also conserved.
The HQSS leads to the mass degeneracy between the heavy hadrons with different spin. Considering a heavy meson P ( * ) ∼ Qq with a heavy quark Q and an anti-light quarkq, the total spin of Qq is
and J + = 1 (J − = 0) for the vector meson P * (the pseudoscalar meson P ), because of the quark spin 1/2. Their difference comes from the spin configuration of the light cloud and heavy quark spins. However, the system is independent of the heavy quark spin and as a result, the spin 0 state P and the spin 1 state P * degenerate at heavy quark limit. This structure is called the HQS doublet.
In the real world, however, the quark masses are finite, so that there exists a mass difference between the pseudoscalar and vector mesons. For example, the mass difference between pseudoscalar meson K and vector meson K * is about 400 MeV. By contrast, the mass splitting between D and D * is about 140MeV and between B and B * is 45MeV. The mass difference is much smaller in the charm and bottom quark sectors than in the light quark sector. There is a same tendnecy in the single heavy baryon. The mass difference between spin 1/2 baryon Σ c and spin 3/2 baryon Σ The purpose of this work is to study the HQS multiplet structure of QQqqq-type pentaquarks as hadronic molecular states of aP ( * ) meson and a Σ ( * )
Q baryon. Herē P andP * denote mesons with J P = 0 − and 1 − with an anti-heavy quark likeD andD * mesons, and Σ Q and Σ * Q the baryons with J P = 1/2 + and 3/2 + with a heavy quark like Σ c and Σ * c baryons. We note that the HQS doublet structure of single heavy hadrons such asP ( * ) and Σ ( * ) Q is well known. Furthermore, the HQS multiplet structure of multi-hadron system with single heavy quark likeP ( * ) N molecular states has been studied in Refs. [46] [47] [48] . On the other hand, the HQS multiplet structure of doubly heavy hadrons like QQpentaquarks is nontrivial. Hence, it is interesting to investigate the HQS multiplet structure of heavy meson-baryon molecular states.
In Ref. [49] , the HQS multiplet structure ofP
with S-wave has been studied. The analysis of the S-wave state covers the negative parity Pentaquarks. However, one of the P + c pentaquarks has the positive parity. Accordingly, we study possible positive parity states by considering P-wave molecular states ofP ( * ) and Σ
( * )
Q in the present paper. We define the light-cloud spin (LCS) basis introduced in Ref. [49] which is useful to investigate the HQS multiplet structure. Although the hadronic molecular (HM) basis is simple to consider the possible total spin state and to construct the potentials, it is not useful to investigate the HQS multiplet structure because the heavy quark spin and the light-cloud spin are not separated in this basis. In the light-cloud spin (LCS) basis, however, these spins are separated explicitly as shown in Eq. (1). Below we shall transform the HM basis to the LCS basis and study the HQS multiplet structure. Moreover, we demonstrate which multiplets can be bound under the one-pion exchange potential (OPEP) from the heavy hadron effective theory. This paper is organized as follows. In Sec. II we construct the HM basis of theP ( * ) Σ ( * ) Q states and transfer it to LCS basis to discuss the HQS multiplet structure. The OPEP is shown in Sec. III. In Sec. IV, we summarize the numerical results. Finally, Sec. V is a summary and discussion.
II. HQS MULTIPLET STRUCTURE OFP
In this section, we consider the HQS multiplet of Pwave states. First, we construct the hadronic molecular (HM) basis of theP Q component with total spin S, we obtain the spin structure in the HM basis and the possible total angular momentum J as follows:
where 
Q composite state with the total spin S and the orbital angular momentum L.
[d] 1 implies that the spin of the diquark is 1. HM basis is simple to construct the possible spin states because it is just the coupling of the spins of the meson and baryon and the orbital angular momentum. However, HM basis is not suitable to discuss the HQS multiplet structure. The heavy quark spin and the light-cloud spin are independently conserved in the heavy quark limit. Thereby, the heavy quark spin and the other spin must be treated separately. We define the light-cloud spin (LCS) basis as a suitable basis to study the structure of HQS multiplets.
In the LCS basis, the spin structures are rewritten as follows :
(s-2) :
(s-3) :
(s-4) :
(s-5) :
(d-1) : Q molecular states with given J P . 2S+1 LJ denotes the total spin of meson and baryon S, the orbital angular momentum L, and the total angular momentum J.
heavy quark Q and an anti-heavy quarkQ are combined into a state with spin s 1 in S-wave. Spins of a light quark q and a diquark d are coupled to spin s 2 and the total spin of the combined state in P-wave is given by s 3 . The right hand side of the equation shows the possible spins of the combined pentaquark states. There exist five HQS singlets (s-1 to s-5), two HQS doublets (d-1 and d-2), and three HQS triplets (t-1 to t-3). The HQS triplet does not exist in single heavy hadrons. It is a feature of the multiheavy quark system. The basis transformation is done by
where the U is a transformation matrix determined by the Clebsch-Gordan coefficient to reconstruct the spin structure. The detail of the basis transformation is summarized in Appendix A. It is to be noted that the two heavy quarks are labeled by the same velocity v to classify the pentaquark states based on the heavy quark spin symmetry.
III. POTENTIALS
In the previous section, we showed that there are ten multiplets in the P-waveP
Q molecular states. In this section, we demonstrate that which of the multiplets can be bound by using one-pion exchange potential (OPEP). We construct the OPEP forP
Q molecular states based on the heavy hadron effective theory.
TheP ( * ) meson and pion interaction Lagrangian is given in Refs. [50] [51] [52] [53] [54] , and the Σ ( * )
Q baryon and pion interaction Lagrangian is given in Refs. [53, 55] . See also our previous paper [49] .
When we construct the OPEP from effective Lagrangians, we introduce a cutoff parameter Λ via the monopole type form factor
at each vertex, where m π is the mass of the exchanging pion, and q is its momentum. We use the same cutoff forP ( * )P ( * ) π and Σ
Q π vertices for simplicity, and fix the value of cutoff 1000 MeV and 1500 MeV. The obtained potential matrices in the HM basis are summarized in Appendix A. We note that contact terms are subtracted from the potentials, because in a conventional way, the OPEP has been considered at large distance [56] . Furthermore, we study the cases where the final pentaquarks carry isospin 1/2, because P c pentaquarks carry
The potential matrices can be also transformed to LCS basis by using the unitary matrix U as follows:
where the functions C(m π , r, Λ) and T (m π , r, Λ) are the spin-spin potential and tensor potential, respectively. We omitted the arguments of potentials in the above equations. Their explicit forms are given by
The typical shapes of C and T are shown in Fig.1 . This shows that the signs C and T are negative so as to be attractive potentials. The heavy meson -pion coupling constant |g| = 0.59 is determined by the decay of D * → Dπ [57] , the heavy baryon -pion coupling constant g 1 = 0.94 is estimated by the quark model in Ref. [55] , and the pion decay constant is f π = 92.4 MeV.
The block matrices of the above OPEPs in LCS basis are classified by the HQS multiplet structure. For example, the first 2 × 2 block in Eq. (22) is for HQS singlet sector with the total spin 1/2. It corresponds to the first and second component in Eq.(A6), or (s-1) component in Eq. (10) and (s-2) in Eq. (11) . Similarly, the second block in Eq. (22) corresponds to the third and forth component in Eq.(A6) which is for spin (1/2, 3/2) doublet, and the third block in Eq. (22) corresponds to the fifth and sixth component in Eq.(A6) which is for spin (1/2, 3/2, 5/2) triplet.
The component of block matrix is determined by the structure of the light-cloud spin. For instance, the first and second block in Eq. (22) are identical because two 1/2 singlets and two (1/2, 3/2) doublets have the same light-cloud spin structure,
and
, as shown in Eq.(A6).
IV. NUMERICAL RESULT
In this section we show the binding energy obtained by solving the coupled channel Schrödinger equation under the OPEPs obtained in the previous section. We use the Gaussian expansion method [58] to solve the Schrödinger equations. As discussed in Ref. [49] , the coupling constant has a sign ambiguity. This ambiguity is the relative sign between the heavy meson -pion coupling g and the heavy baryon -pion coupling g 1 . We assign the same sign as the quark model estimation in Ref. [55] as the sign of g 1 . Therefore, we treat the sign uncertainty as the sign of g.
In this study, we investigate both cases. We include the effect of the heavy quark spin symmetry breaking by introducing the mass difference between two heavy mesons (baryons) in one HQS doublet, namelyP andP * (Σ Q and Σ * Q ). We parameterize the heavy hadron masses as done in Ref. [49] :
The mass parameter µ controls the typical mass scale. It corresponds to the averaged reduced mass of
We determine the eight parameters a, b, c, d, w, x, y, and z to reproduce the eight hadron masses shown in Table II . The value of eight parameters are summarized in Table III . When µ = 1.102 and 2.779 GeV, the charmed and the bottomed hadron masses are reproduced, respectively. The heavy quark spin symmetry restores as the mass parameter µ increases.
Firstly, we show the numerical results obtained by solving the coupled channel Schrödinger equations for each structure of light-cloud spin in the case of g = +0.59. In this case, the multiplets which have the light-clouds The cutoff parameter is Λ = 1000 MeV (upper figure) and Λ = 1500 MeV (lower figure) . The energy is measured from the threshold ofP ΣQ. Reduced mass parameter is changed from 1 GeV to 100 GeV. The labels are defined by the main component at heavy quark limit.
(t-2) in Eq. (18) . We note that the lowest threthold of the spin 1/2 and 3/2 states isP Σ Q , while that of the spin 5/2 state isP Σ * Q . Then, the energies of spin-5/2 state shown in Fig. 3 The cutoff parameter is Λ = 1000 MeV (upper figure) and Λ = 1500 MeV (lower figure) .
which corresponds to the spin 5/2 singlet (s-5) in Eq. (14) and spin (3/2, 5/2, 7/2) triplet (t-3) in Eq. (19) . We note that the threshold of the spin 7/2 state is measured from P * Σ * Q . The difference of threshold values betweenP Σ Q andP Σ * Q is 73.774 MeV, and betweenP Σ Q andP * Σ * Q is 234.63 MeV at µ = 1.0 GeV. The states which have same structure of light-cloud spin are degenerate at heavy quark limit. However, the heavy quark spin symmetry is broken for finite quark mass, and the mass degeneracy is resolved. We summarize the values of the masses of obtained bound states at the charm region (µ = 1.102 GeV) and bottom region (µ = 2.779 GeV) in Table IV-VII. For instance, in Table. IV, the mass difference between J P = 3/2 + and 5/2 + in HQS triplet-3 is 64.2 MeV at µ = 1.102 GeV, and 24 MeV at µ = 2.779 GeV. This shows that the mass difference becomes smaller in the bottom sector. Although the present study includes only OPEP, the mass degen- eracy should occur even using the more realistic potential model if the heavy quark spin symmetry exists in the doubly heavy hadronic molecule. The search for the HQS partner states of P c -like pentaquark is very important to understand the structure of heavy hadrons.
V. SUMMARY AND DISCUSSIONS
In Sec.II, we showed the HQS multiplet structure of molecular states made from a heavy meson and a heavy baryon in P-wave. There are five HQS singlets, two doublets, and three triplets. The potential matrix is block diagonalized in the LCS basis for each HQS multiplet as shown in Sec. III. We obtained the binding energy by solving the Schrödinger equation under OPEP in Sec. IV. When g is positive, the spin 1/2 singlet (s-1), 3/2 singlet (s-4), the blocks of the potential for (1/2, 3/2) dou- (1/2, 3/2, 5/2) triplet (t-1), and (3/2, 5/2, 7/2) triplet (t-3) are attractive when g is negative. The behavior of the binding energy is classified by the structure of the light-cloud spin. As mentioned in Ref. [49] , OPEP depends only on the structure of the light-cloud spin since the pion exchange interaction couples the light quark spin and the orbital angular momentum. The HQS multiplets having the same light-cloud structure are degenerate at heavy quark limit. The mass degeneracy is resolved for hidden-charm/bottom pentaquarks because of the finite quark mass. The mass of the J P = 5/2 + state in Tab. IV is close to the one of P + c (4380). It's HQS triplet partner states carrying J P = 1/2 + and 3/2 + exist around 4320 MeV. The masses of their hidden-bottom flavor partner are 11025 MeV for J P = 1/2 + and 3/2 + states, and 11049 MeV for 5/2 + states. We expect that these partner states will be found in future experiments.
When P + c (4380) is J P = 5/2 + , P + c (4450) should be 3/2 − . We did not obtain such state in our previous work [49] , since the mass of P + c (4450) is above the threshold of our coupled channel. The full coupled channel analysis of
c using the complex scaling method was done in Ref. [19] , which shows that it seems to be difficult to explain the mass and decay width of both P c (4380) and P c (4450) at the same time. Moreover, P c pentaquarks are not reproduced by the estimation of compact five-body pentaquark [26] . Some works argue that it is a threshold cusp by kinematical effect [59] [60] [61] [62] . More theoretical efforts and experimental data are needed to reveal the nature of the P c pentaquarks.
We determined the names of the solutions by the dominant component of the wave function, which we obtain together with the binding energy when solving the Schrödinger equation. For instance, in Fig.7 and Fig.8 , we show the obtained wave functions of singlet-1 and triplet-2 with J P = 1/2 + , for which the binding energies are shown in Fig.2 and Fig.3 , respectively. We note that these wave functions are not normalized, therefore only the ratio of components is meaningful. In both cases, the change in the ratio of the wave functions when changing the mass parameter is very small. In the case of the finite quark mass, although the different components of the HQS multiplet are mixed, the ratio is still small. This shows that the effect of the symmetry breaking by the kinetic terms is small. When the mass parameter becomes larger, the wave functions concentrate at a position where the tensor potential becomes deep. This means that as the mass increases, the kinetic term is suppressed and the wave function is localized at the bottom of the attractive potential.
To treat the heavy quark spin symmetry for doubly heavy system, we assume that two heavy quarks in a pen- taquark are labeled by the same velocity. This assumption seems to be natural to the bound state because a hadronic molecule breaks when the relative velocity between the meson and baryon is large. However, if the heavy meson and heavy baryon are labeled by the same velocity, they can not get the orbital angular momentum exitation. To include the P-wave exitation we label one hadron by v and another by v , and assume that their dif- ference is small. Namely, when v is written as v = v+δv with the small quantity δv, we classify the HQS multiplet structure of P-wave states at the leading order of v by neglecting δv. We do not include the effect of δv in the present study and leave the inclusion of its effects for future publications. 
The basis transformation is done by
The component of wave functions in LCS basis is
The notation of spin structure is same with in Sec.II. The transformation matrix U is determined by the ClebschGordan coefficient to reconstruct the spin structures from HM basis to LCS basis. 0 0
In Sec.III we construct the one-pion exchange potential from the heavy hadron effective Lagrangians in HM basis. The detail of the OPEP matrix in HM basis is as follows :
T − 
The definition of the spin-spin potential C and tensor potential T are written in Sec.III. The tranformation of potential matrix from HM basis to LCS basis is done by
The potential matrices in LCS basis are written in Sec.III. The kinetic term is defined by
where i is a channel index, L is an orbital angular momentum, and µ i is a reduced mass of channel i. The kinetic term matrices for each J P in HM basis are as follows :
The transformation to LCS basis is done by 
